It has been proved that arbitrarily high-energy collision between two particles can occur near the horizon of an extremal Kerr black hole as long as the energy E and angular momentum L of one particle satisfies a critical relation, which is called the BSW mechanism.
Introduction
Bañados, Silk, and West (BSW mechanism) first proved [1] that an extremal Kerr black hole can be used as a particle accelerator in 2009, and the center-of-mass (CM) energy E cm of two test particles can be arbitrary high if the collision occurs near the extremal horizon and the energy E and angular momentum L of one particle satisfy a critical relation. Based on their pioneering discussion, the BSW mechanism has been extensively studied for multifarious black holes [2] - [9] .
Most of the previous work on BSW mechanism focus on the acceleration of regular particles which are not spinning, thus such particles can be treated as point particles and move along timelike geodesics. However, a real particle is an extended body with selfinteraction. Here we will take spinning particles which cannot be regarded as point particles into our consideration. It has been proved in [11] and [12] [13] [14] that the movement of a spinning particle deviates from a geodesic due to the gravitational interaction. The orbits of spinning particles has been computed based on the Mathisson-Papapetrou-Dixon (MPD) equation [18] [19] . Recently, some modification to the MPD equation was given in [15] [16] [17] . The BSW mechanism for spinning particles in Kerr black hole has been studied in [20] , where the critical total angular momentum and critical spin is respectively j c = 2, s c = 1.
(1.1) Also, the BSW mechanism for spinning particles in Kerr-Newman black hole has been studied in [21] , where the critical angular momentum and critical spin are given respectively as j c = 1 + a 2 a , s c = 1 a .
(1.2)
When we set the mass of the black hole M = 1, for either Kerr or Kerr-Newman black hole, a physically acceptable value of a must satisfy 0 < a ≤ 1, then we know that the critical spin for either Kerr or Kerr-Newman black hole,
However, in a real world, the spin of an particle must be very small, i.e. s ≪ 1. Thus the critical spin is not applicable for Kerr or Kerr-Newman black hole. Also, spinning particle collision in Schwarzchild black hole background was discussed in [22] .
The no-hair theorem states that all black hole solutions of the Einstein-Maxwell theory can be completely characterized by only three parameters: mass, electric charge, and angular momentum. As we know, the Kerr-Newman metric is a solution for a rotating and charged black hole in the Einstein-Maxwell field equation. However, rotating and charged black hole solutions can also be found in other theories, such as string theory. Black holes in string theory can be coupled with other fields, such as the dilaton field, Yang-Mills field, and antisymmetric tensor gauge field. The Kerr-Sen black hole is a solution of the low-energy effective field theory for heterotic string theory [23] and is also characterized by mass, electric charges, and angular momentum, which are similar to those of the KerrNewman black hole. However, the geometry of the Kerr-Sen black hole is different from that of the Kerr-Newman black hole.
Because string theory is the most promising candidate of unified theory, the expected rotating and charged black hole solution would be the Kerr-Sen solution rather than the Kerr-Newman one. In fact the BSW mechanism in the Kerr-Sen black bole background, i.e.
the collision of point particles moving along timelike geodesic has been studied in [5] , the critical relation for ultraenergetic collision given in it was also the same as that in [1] . To further confirm such a critical relation, we will study the collision of spinning particle that occurs in the horizon of an extremal Kerr-Sen black hole and check whether the relation can still hold for a divergent E cm . Also, we want to explore if we can find a critical spinning angular momentum leading to an infinity of E cm like that in Kerr or Kerr-Newman black hole and check whether such a critical spin can be arbitrarily small, hence the requirement s ≪ 1 is satisfied.
The structure of this paper is as follows. At first, in section 2, we give a brief review on the Kerr-Sen black hole. Next, in section 3, we assumed the particles and the black hole have aligned/anti-aligned spin and the equatorial plane is chosen to be the orbital plane, then we will solve the equations of motion for the spinning particle. Then in section 4, we will analyse how the center-of-mass energy E cm of two spinning colliding particles behaves on the horizon of an extremal Kerr-Sen black hole and draw out a critical total angular momentum and a critical spinning angular momentum, either of which will lead to a divergent E cm . What's more, we also prove that the critical spin can meet the requirement s ≪ 1, hence it's applicable in Kerr-Sen black hole background. Finally, in section 5 we will further check the critical total angular momentum and the critical spin. We will testify that when the critical total angular momentum or critical spin is reached, the collision of two spinning particles can indeed happen on the horizon of extremal Kerr-Sen black hole.
In section 6, we will summarize all the main results we draw out in previous sections.
We start this paper by giving a brief introduction to the Kerr-Sen black hole solution, which is described by the 4-dimensional effective action of the heterotic string theory:
where R is the scalar curvature and Φ is the dilaton field, F 2 = F µν F µν with the field strength F µν = ∂ µ A ν − ∂ ν A µ corresponds to the Maxwell field A µ , and
with H µνρ given by
where the last term in (2.3) is the gauge Chern-Simons term. G µν appeared in (2.1) are the covariant components of the metric in the string frame, which are related to the Einstein metric by g µν = e −Φ G µν . The Einstein metric, the non-vanishing components of A µ , B µν and the dilaton field read [23] :
where the metric functions are given by
When α = 0, the solution will return to the Kerr black hole. The parameters µ, α and a are associated with the physical mass M , the charge Q and the angular momentum J by
Solving eq. (2.10), we can obtain
Then the parameters α and µ in the metric (2.4) can be eliminated. For a nonextremal black hole, there are two horizons. They are both determined by ∆ = 0 and are given by
For the extremal black hole, it must be satisfied that
Setting Q and a to zero, respectively, we can obtain the maximum values for them. Thus, we obtain the ranges for a and Q, which are
Here, both the parameters a and Q are thought to be positive. For an extremal black hole, the two horizons coincide with each other and the degenerate horizon locates at r 0 = a.
By virtue of (2.11), we can get the inverse metric g ab with nonvanishing components
Here, we can explicitly see that the Kerr-Sen black hole is characterized by three parameters, mass M , charge Q and spin a. The Sen black hole solution will describe a Gibbon-Maeda (GM) black hole with a = 0 or describe a Kerr black hole with Q = 0.
Motion of spinning particle in Kerr-Sen black hole background
To describe the movement of spinning particles, we will employ the Mathisson-PapapetrouDixon equation [11, 20 ]
where
is the tangent to the center of mass world line.
D
Dτ is the covariant derivative along the world line, P a is spinning particle's 4-momentum satisfying that
4)
S ab is the particle's spin tensor which is apparently antisymmetry S ab = −S ba and has such a property that
where S is explained as the spinning angular momentum of the spinning particle.
There also exists the relation between S ab and P a as below
For a spinning particle, the conserved quantities associated with the Killing vectors in its movement can be expressed as
To calculate the explicit form of P a , let's rewrite the metric in tetrads as
where the tetrad reads
Accordingly, the duality of these e (i) a can be computed by
For simplicity, let's take the particle's spin to be aligned with the black hole's spin, thus we can introduce a special spin vector s (a) which reads
equivalently,
where ε (a)(b)(c)(d) is a totally antisymmetric tensor with component ε (0)(1)(2)(3) = 1. As is argued in [18] , we can set the only non-zero component of s (a) as 14) where s implies both the magnitude and direction of the particle's spin. The particle spin is parallel to the black hole spin for s > 0, while it is antiparallel for s < 0. Then we can get these non-vanishing components of the spin angular momentum in tetrad frame as below
There are two Killing vector in Kerr-Sen black hole,
Then with (3.9), we can get all the non-vanishing components of ξ a , and φ a as below
17)
Using (3.11), we can obtain the non-vanishing components of covariant derivative of Killing vector in tetrad frame
For the convenience of following discussion, we define 20) thus u a u a = −1. Furthermore, we consider the case when the motion of the particle was confined on the equatorial plane θ = π 2 , which means u (2) = 0. Then (3.7) can be rewritten as
with θ = π 2 , we have According to
we can obtain
where σ r = ±1 and
With these result listed above, in the next section, we will explore the BSW mechanism of spinning particle in Kerr-Sen black hole background.
4 Spinning particles collision near horizon of extremal Kerr-
Sen black hole
Here we consider that two uncharged spinning particles with the identical rest mass m are at rest at infinity (E = m) and then they approach the black hole and collide near the horizon of an extremal (µ = a, r 0 = a) Kerr-Sen black hole. For the sake of simplicity, we assume that the two particles have total angular momenta j 1 and j 2 , spin s 1 and s 2
respectively. The center of mass energy is defined by
considering (3.20), we have
For convenience, we only need to focus on the changeable part of E cm , which is defined [10] as
Because of the ∆ factor in the denominator, it appears that E ef f diverges at the horizon r = r 0 . But this not true because, although not totally obvious, the numerator vanishes at that point as well. We can make an simple analysis. Since X, Y , Z are all finite, near the horizon ∆ = 0, we have
Then after taking it back into (4.3), we will find usually E ef f is a finite term at the horizon.
Based on the rough discussion above, we know that E ef f may not blow up casually, hence to find a possibility of an infinite E ef f , we need to expand the numerator of the first term in (4.3) near the horizon, i.e.
As expected, we find
and
It should be pointed out that we have rescaled the total angular momentum J by the mass m of particle, i.e. J → jm. On the other hand
Finally the effective center of mass energy is given by
where K is a very tedious non-vanishing polynomial constructed by (j 1 , j 2 , s 1 , s 2 , α), hence we won't present it explicitly here.
We can see that when the angular momentum of one of the particles satisfies a critical 10) or the spin of one of the particles satisfies a critical relation
E ef f will blow up.
According to (2.10), for extremal Kerr-Sen black hole (µ = a), we have
So if we set M = 1 conventionally, the critical angular momentum is just j c = 2, which is consistent with the result in [1] . The critical spin becomes
The range of a is 0 ≤ a ≤ 1. We can plot the critical spin s c as a function of a . From above, we can know that different from the Kerr or Kerr-Newman case where the critical spin is unapplicable (see (1.3) ), the critical spin in Kerr-Sen black hole background can be arbitrarily small as long as we choose a appropriate a. Hence the requirement s ≪ 1 is achieveable.
So far, we have draw out a critical relation that can result in a divergent E cm . However, there is still something unavoidable for further discussion-with such a critical total angular momentum or critical spin, is a spinning particle really able to collide another spinning particle on the horizon? The following section was devoted to this question.
5 Can the collision be able to occur on the horizon?
To guarantee that the collision between two spinning particle can indeed occur near the horizon, we should impose such a requirement on the first approaching particle-when the first particle approach the horizon, it will move along the direction tangent to the horizon rather than getting through the horizon and falling into the black hole. Only in this way, when the second particle approach the horizon, can it be able to collide with the first particle. Hence, we need to check with the critical relation (4.10), whether a spinning can move along the direction tangent to the horizon.
The radial equation of motion isṙ
where V ef f is the effective potential and it is given by
The condition under which a spinning particle can move tangent the horizon is that
which is equivalent to
Critical total angular momentum:
Noticing when the black hole is extremal, in R, there is a ∆ = (r − r 0 ) 2 in the second term, so we only need to concentrate on X in the first term. For extremal Kerr-Sen black hole, when j take the critical angular momentum j c = 2a cosh 2 α, we have
Then we know that
thus the requirement (5.4) is satisfied. But this is not the end of the story. As expected, the effective potential V ef f approaches 0 at infinity. We must require This condition can also be obtained by the radial component u 1 of 4-velocity given by (3.28).
There for one particle can reach the horizon, we must have R > 0, which results also tõ
When the spin of particle is zero, i.e. s = 0, we havẽ 10) which is always positive.
Critical spin angular momentum:
For extremal Kerr-Sen black hole, when s take the critical spin s c = show that a, we see that 12) which doesn't satisfied the requirement (5.4). Thus, only the critical spin s c = cosh 3 2 2α cosh 2 α a can help the particle move tangent to the horizon, hence, guaranteeing the occurrence of the collision. In other worlds, the spin of particle must be parallel to the rotation of black hole.
In the same way, for the particle falling freely from rest at infinity can reach the horizon, we must require R ≥ 0 for any r ≥ r 0 . (5.13)
Conclusion
In this paper, we have investigated the collision of two uncharged spinning particles (which could be thought to be the cold dark matter particles) falling freely from rest at infinity in Kerr-Sen spacetime. The Kerr-Sen black hole is a solution of four dimensional low energy effective supergravity of the Heterotic string theory. It is characterized by three parameters, mass M , charge Q and spin a. When the rotation a vanishes, it describes a Gibbon-Maeda black hole. When the charge Q vanishes, it describes a Kerr black hole. Naively, one may think that Kerr-Sen black hole have no big difference with Kerr-Newmann black hole.
But our results show that they are quite different. For extremal Kerr-Sen black hole, it was found that the CM energy of two spinning particles can be divergent when the total angular momentum j of one of the two particles reaches its critical value j c = 2, which is the same as the case of extremal Kerr black hole. Furthermore, if the spin of one of the particles satisfied s c = a 2 2 a − 1 3/2 , the CM energy might also be divergent. Different from the Kerr or Kerr-Newman case where the critical spin is unapplicable (see (1.3)), the critical spin in Kerr-Sen black hole background can be arbitrarily small as long as we choose a appropriate a. We also discussed the condition under which the collision between two particles can take place in fact near the horizon of extremal Kerr-Sen black hole.
At present, we performed our calculations without considering the back reaction effect of the accelerated particle pair on the background geometry of the Kerr-Sen black hole. Due to the energy carried by the infalling particles, a new and larger horizon is formed before the particles reach the horizon of the original black hole. This in fact implies, in particular, that the optimal collision between the two particles cannot take place exactly at the horizon of the original black hole [24] . This issue deserves further research in the future.
